Introduction

1
Animals maintain and update a representation of their location in space. Such mapping 2 abilities allow them to navigate their surroundings in search for food, safety, mates or their 3 kin. In the case of the migratory Bar-tailed Godwit such navigation can involve a non-stop 4 11000 km flight from New Zealand wintering grounds to artic Siberian breeding grounds (Gill 5 et al., 2005) a truly incredible navigational feat. The home is a unique location in the life of 6 humans and animals. Numerous behavioral studies have researched homing; in pigeons 7 (Alleva et al., 1975) , in bees is returning to the hive (Menzel et al., 2005) , in salmon returning 8 to the stream where they were born in (Neave, 1964) , in bats returning to their cave from 9 foraging their favorite tree (Tsoar et al., 2011 ) and many other species. Safety considerations 10 shape rat exploratory behaviors and lab rats naturally organize their behavior around their 11 home-cage (Whishaw et al., 2006) . 12 A consensus emerged that patterns of navigation show remarkable and systematic variations 13 relative to the home location. In particular, animals often show variable and complicated 14 trajectories outgoing from the home only to return on relatively direct, straight incoming 15 trajectories back to the home location. Some of the best evidence for path integration in the 16 animal kingdom comes pup retrieval experiments of the Mittelstaedts (Mittelstaedt and 17 Mittelstaedt, 1980) , where the authors demonstrated path integration by the mother's 18 tendency to return pups on a straight trajectory back to the home. In the proximity of the 19 home startling stimuli will very often induce a short-latency escape maneuver straight back 20 home. Thus, many animals maintain an immediately accessible online representation of the 21 direction of the home, a representation we refer to as home vector. In our paper we ask how 22 this home vector might be represented in the well-known neural substrates of navigation. Head Direction cells, present in several brain structures including the anterior dorsal nucleus 3 of the thalamus, the presubiculum, the medial enthorinal cortex (MEC) and the Parasubiculum 4 (PaS), have sharp tuning curves in relation the animals orientation in space (Taube et al., 1990 ; 5 Taube, 1995; Tang et al., 2016) . In lab navigation tasks the accuracy of Head Direction cells 6 also predicts successful navigation (Valerio and Taube, 2012) . 7 Grid cells of the MEC and parasubiculum are known to be active in multiple spatial firing fields 8 which tile the whole environment forming a periodic hexagonal lattice (Fyhn, . 12 We were interested in the role of the parasubiculum in homing. The parasubiculum is a long 13 (3mm) and thin (300 microns) parahippocampal cortex wrapped around the medial and dorsal 14 boundaries of the MEC. It contains both a high proportion of head directional and spatially 15 selective cells, including grid cells and border cells (Boccara et al., 2010) , and connects 16 selectively to pyramidal patches in layer 2 of the MEC (Tang et al., 2016 appeared to be more geometrical in nature rather than home-specific. 
Results
1
In our study we addressed the question how neurons in the rat medial entorhinal cortex and 2 the rat parasubiculum represent the home location. To this end we recorded from freely 3 moving male Long Evans rats (n=6) using tetrodes. Rats were familiarized for two weeks with 4 a 1m x 1m squared environment with round edges containing a principal cue card multiple 5 irregularly shaped sub-cues, both on the walls or the floor of the arena (Figure1A). During the 6 same period, we housed rats in custom-modified home-cage modified with 2 side doors 7 (Figure1A). To assess if the home cage affected the rat's spatial behavior we studied rats 8 performing pellet hoarding. During pellet hoarding (Figure 1 ; Wolfe, 1939) rats forage for food 9 pellets and perform high-speed return vectors towards their safe location. In our setting 10 ( Figure 1A ) rats foraged large food pellets in a 1 meter arena in the presence of their home 11 cage. Without specific prior training rats foraged these pellets and cached them in their home 12 cage. The behavior was stereotypical, consisting of high speed return trips as previously 13 described in the literature (Maaswinkel and Whishaw, 1999; Winter et al., 2018) (Figure 1 B) . 14 Running speed was visibly lower during exploratory trips away from their home (Figure 1 C) . 15 As has been described in the literature (Tchernichovski et al., 1998; Wallace et al., 2008; 16 Winter et al., 2018) incoming trips ( Figure 1D ) consisted of higher speeds (KS normality, 17 p=0.747, ttest, p<0.001) than outgoing ( Figure 1E ). Thus, in the presence of large food pellets 18 the home cage in the arena setting greatly altered the rat's locomotion patterns and divided 19 them into irregular, slower exploratory outgoing trajectories and relatively straight, faster 20 return trips to the home cage. These observations suggest that the home cage can induce 21 homing behaviors, even in a scenario where the rat is well adapted to the global environment. We wondered how the presence of the home cage would affect head direction cells and grid 18 cells, and whether we could find any home vector representation constantly representing the 19 egocentric direction of the home, a home vector. To concentrate on the effect of the presence 20 of the home, instead of differences introduced by the hoarding behavior, we studied neural 21 activity while rats performed the same small treat random foraging behavior in the absence 22 and presence of the home. The introduction of the home in the absence of large pellets, 1 resulted in comparable behavior to the open field in terms of speed (not shown). Median 2 incoming and outgoing trips from the home in the absence of pellets to be hoarded were not 3 different (KS normality, p=0.747, ttest, p=0.9). 4 We recorded sessions of 12-25 minutes starting with an open field recording and following 5 with sessions where we placed the rat's own home-cage in different places in the arena. In 6 order not to disturb the familiarity of the rat with the arena, we did not remove or disorient 7 the rat between sessions. This was facilitated by the use of a wireless logger system for Head direction activity is not affected by home cage presence 16 As the first step of our analysis of neural responses we assessed how the home cage affected Absence of explicit home vector cells 10 As a second step, we assessed if the home cage could induce an explicit home vector 11 representation, i.e. neural discharges tuned to the direction of the home cage ( Figure 3 ). We 12 therefore computed home direction as schematized in Figure 3A , where a home direction of Figure 4B 1 Bottom, where a composite normalized rate map using the RGB color scheme also clearly 2 depicts the displacement of the central grid field in the green condition. Figure 4C 4 The increase in normalized rate is evident in the Euclidian profile to the center of the home. 5 Solid line corresponds to mean normalized rate, and shaded area correspond to the SEM. 6 Green: Home center. Blue: Open Field. F) The same effect is evident in the spatial averages 7 of the peak normalized rates. Spatial Averages of peak normalized rate maps for all cells in rates were correlated between Open Field and Home conditions. The result is a heat-map of 21 local correlation values between the different conditions. In this example, the presence of the 22 home reduced locally the correlation of the grid ( Figure 5A, right) . We averaged these 23 correlation maps for all grid cells and found that these show a mean local decrease in 24 correlation corresponding to the location of the home in the center (Figure 5B left) . Notably, 25 the decrease in mean correlation follows the home, when we moved it to the side of the arena 26 ( Figure 5B, right) . The decorrelation of grid cell activity appears to be local and related to the environment. This could be related to, just the presence of an "object" in the environment. 9 To dissect this further we tested whether tall objects, which do not alter the space 10 substantially, have a similar local effect on grid cells. We found that the simple presence of an 11 object does not decrease the correlation of grids around it ( Figure 5D ). These results point 12 towards the requirement of a change in the internal structure of the environment which 13 would considerably affect the trajectories available to the rat. We wondered if single tall 14 objects do not produce the same effect, perhaps because they minimally affect the availability 
Materials and methods
8
All experimental procedures were performed according to the German guidelines on animal 9 welfare under the supervision of local ethics committees.
10
Subjects
11
We obtained data from 6 male Long Evans rats (~300g) using chronic extracellular recordings.
12
Tetrode recordings 13 Tetrode recordings from parasubiculum and MEC were performed, as recently described 14 (Tang et al., 2016) . After surgery animals were adapted for two weeks to a modified home-cage with 2 side doors. 10 Concurrently, the animals were put under food restriction up to achieving 80% of their ad-11 libitum feeding body weight, and adapted to foraging small chocolate treats while familiarized 12 with a cue rich 1x1m arena under well-lit conditions. 13 Once the tetrode reached the parasubiculum and MEC (based on the presence of strong 14 theta), we recorded from 2 to 8 sessions per day of 12-18 minute each, while the animal 15 explored the same familiar arena without removing or disorienting the rat between sessions. 16 In between each session we introduced, or displaced the home-cage of the animal or 17 additional control objects (Bottle, Plain Box, and Corridor).
18
Hoarding
19
In a subset of sessions (n=5 rats) we performed hoarding behavioral tests. For these we 20 positioned the home-cage in the center of the arena, and instead of randomly dispersing 21 chocolate treats, we dispersed standard food pellets outside the rats home-cage. Food deprived rats, retrieved these pellets and horded them inside the home cage without any 1 specific training. Rat's hoarded up to 80 pellets in 20 minutes. After perfusion, the brain was post-fixed in PFA 4% for 12-18hrs. The brain was then sectioned 10 tangentially using the methods described in (Lauer et al., 2018 ) and recording sites assigned 11 by histology using Inmunohistochemistry of Calbindin to correctly assign the parasubiculum 12 and MEC recordings. 13 We did not see significant differences in the populations and pooled cells from parasubiculum, 14 and MEC. 15 
Analysis of Spatial Modulation
16
The position of the rat was defined as the midpoint between two head-mounted LEDs or 17 colored targets. A running speed threshold (of 5cm/s) was applied for isolating periods of rest 18 from active movement. Color-coded firing maps were plotted. For these, space was 19 discretized into pixels of 2 cm x 2 cm, for which the occupancy z of a given pixel x was 20 calculated as 21 
22
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where xt is the position of the rat at time t, Δt the inter-frame interval, and w a Gaussian 2 smoothing kernel with σ = 5cm. 3 Then, the firing rate r was calculated as 4 5 6 where xi is the position of the rat when spike i was fired. The firing rate of pixels, whose 7 occupancy z was less than 20 ms, was considered unreliable and not shown. 8 For spatial and head-directional analysis, both a spatial (> 50% spatial coverage) and a firing 9 rate inclusion criterion (> 0.5 Hz) were applied. Spatial coverage was defined as the fraction 10 of visited pixels (bins) in the arena to the total pixels. with its rotation for 60 degrees and 120 degrees was obtained (on peak rotations) and also for 10 rotations of 30 degrees, 90 degrees and 150 degrees (off peak rotations). Gridness was defined 11 as the minimum difference between the on-peak rotations and off-peak rotations.
12
Analysis of head directionality 13 Head-direction tuning was measured as the eccentricity of the circular distribution of firing 14 rates. For this, firing rate was binned as a function of head-direction (n = 36 bins). A cell was 15 said to have a significant head-direction tuning, if the length of the average vector exceeded 16 the 95th percentile of a distribution of average vector lengths calculated from shuffled data 17 and had a Rayleigh vector length > 0.35. Data was shuffled by applying a random circular time- 18 shift to the recorded spike train for 1000 permutations. 19 We studied the head directional properties across subsequent conditions with the presence 
Grid cell sliding window correlation analysis
Given the overall global stability of grid cells, in order to compare the population of grid cells 1 in the presence or absence of the home we used a sliding window correlation method as 2 described in Wernle et al (Wernle et al., 2018) . 3 For each cell we start with two normalized rate maps of the cell, one for each condition being 4 compared. We choose a fixed window of size corresponding to the spacing of the grid cell. 5 Starting in one corner of the rate maps, we correlate between both maps the rate of active 6 bins covered by the same window. We assign this local correlation value to the position of the 7 center bin of such window. By sliding the window along all the bins of the rate maps we end 8 up with a local correlation heat map that allows us to dissect local changes in each grid cell 9 resulting from the introduction of the home. In all cases, non-existent values were removed 10 from the correlations.
11
To compare the effect of the home in the population we averaged the local correlation heat 12 maps.
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